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ABSTRACT. Based on a thermochemical model of defects in non-stoichiometric ceria, we 
calculated the non-stoichiometry of CeO2-x , the electronic, and the ionic conductivities, as 
functions of temperature and oxygen pressure. We proposed three new models of the oxygen 
diffusivity, compared them with the available experimental data, and determined the best model 
that allows for accurate predictions of diffusivity for temperatures in the (900-1400 °C) range 
and PO2 ∈ (1÷10-25 atm). A preliminary extension of the defect model to PuO2-x shows that, 
given appropriate parameters, the model is able to describe the non-stoichiometry and oxygen 
diffusivity in a reasonable way. Further work is necessary to refine the model. The extension to 
urania was not possible. Other defect species, such as oxygen interstitials, are required to 
correctly describe urania. 
 
1. INTRODUCTION 
 

Understanding the thermo-chemistry of nuclear fuel materials is an important part of 
designing better fuels[1]. Modeling can guide the development and optimization of fuel 
processing parameters, such as particle size, sintering atmosphere, and temperature regime. The 
modeling of the kinetics of oxygen diffusion in nonstoichiometric oxides is a critical component 
of the combined experimental and theoretical effort aimed at improving the knowledge of 
properties and phenomena in nuclear fuel materials. Bulk diffusion is especially important in 
optimizing fabrication. Together with the phase stability, it governs the formation of 
homogenous solid solutions in otherwise heterogeneous powder blends [2]. Diffusivity is the 
controlling parameter in designing “low” temperature processes to retain volatile constituents 
while developing a microstructure that will be stable in-pile [3]. The type and defect formation 
mechanism determines the fuel performance. Kinetic properties of point defects govern radiation 
tolerance, fission product accommodation, fission gas release and microstructural evolution in-
pile. The kinetics of this evolution will impact the stability of the fuel during service. Modeling 
the defects and the mobility of oxygen in oxide fuels opens a path to the modeling of the more 
complex phenomena of fission products diffusion.  

Ceria is also often used as a surrogate material for studies of thermo-chemical properties 
of actinide based oxides, such as PuO2 and UO2. When heated at high temperatures in a reducing 
atmosphere, these oxides lose oxygen and become sub-stoichiometric in a similar fashion and 
form iso-structural compounds [4, 5]. Ceria has a Fm3m fluorite structure, with a lattice 
parameter a = 5.4113 10-10 m. As shown in early studies by Bevan and Kordis [6], ceria has a 
wide range of non-stoichiometry, determined by temperature and oxygen partial pressure. 
Recently, Mogensen reviewed the physical and chemical properties of pure and doped ceria [7]. 
As with most of the non-stoichiometric oxides, the thermo-chemical properties are directly 
influenced by the type and concentration of point defects [5, 8]. The reduction of CeO2 by 
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hydrogen has been studied from room temperature to 1200 °C  by several complementary 
techniques [9-12].  The reduction usually results in a stabilized state with the formal composition 
CeO1.83 but thermal treatments at temperatures higher than 720 °C can reduce the ceria further. 
 The thermo-chemical properties of plutonia and urania have been investigated to some 
extent through continuum level methods [13-22]. The focus of this first part of the study is ceria. 
A more detailed review of plutonia and urania properties will be presented in the following 
report. 

A good model for both self and chemical diffusivity of oxygen in metal oxides (and not 
only), requires a proper theory describing the nature and the concentration of different oxygen 
defects, as a function of temperature T, and of the partial pressure of oxygen . The mass-
action law is widely used in the literature to calculate the concentration of lattice defects. 
Unfortunately, this approach well works only at very low defect concentration. In a highly 
oxygen defective oxide, the interaction and the exclusion effects considerably affect this simple 
picture. When evaluating the oxygen partial Gibbs free energy 

2OP

),(
2

TxGO∆  for highly hypo-
stoichiometric oxides, a significant departure from experimental data is observed if the effects 
arising from interaction and the exclusion are neglected. Also, it should be noted here that, in the 
case of many metal oxides, the electronic conductivity and the ionic conductivity have never 
been estimated before over an extended range of non-stoichiometry, by including the effects 
arising from interaction and exclusion.  

The ionic conductivity is sometimes related to the oxygen diffusivity by simply assuming 
an oxygen vacancy mechanism. If a defect is changing its identity during the exchange with an 
oxygen ion, this picture is no longer appropriate. If the diffusion is mediated by a vacancy 
mechanism, the bulk oxygen self-diffusivity is controlled by the doubly charged, or by singly 
charged oxygen vacancies, only in the low hypo-stoichiometry range. Even in this range, other 
defects and crossing terms make a significant contribution. In some cases, at high hypo-
stoichiometry, the charged oxygen defects are almost non-existent, and the diffusion is mainly 
controlled by the neutral metal (M) oxygen vacancy VO complexes ( (Kroger-Vink 
notation).  

)×OMV

While for a restricted non-stoichiometric range some information can be extracted from 
the available ionic and electronic conductivity measurements, modeling over an extended 
domain is much more complicated. Our numerical results showed that a good agreement with the 
available experimental data for oxygen diffusivity is obtained only when the contribution of all 
defects containing oxygen are taken into consideration. Also, in this case, an excellent agreement 
between calculated and measured electronic conductivities is obtained. 
 
2. THERMOCHEMISTRY OF DEFECTS 
 

Usually, the free energy of a defective crystal, , can be written as a sum containing 
the free energy of the perfect crystal , and a contribution  due to the defects: 

dcG
pcG dG∆

dpcdc GGG ∆+=                                                                 (1) 
The additional contribution involves the free energy of formation  and a configurational 
part , arising from the change in the configurational entropy, .  

fG∆
confST∆− confS∆
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Following Ling [23], we assume that the free energy of defect formation can be written as 
a superposition of two terms. One term accounts for short-range interaction , while the 
second involves the long-range effects (i.e. coulombian interaction) : 

SRG∆
LRG∆

LRSRf GGG ∆+∆=∆                                                                (2) 
As a result, we can write  in the following form: dG∆

confLRSRd STGGG ∆−∆+∆=∆                                                (3) 
The configurational entropy depends on the concentration of various defect species, and it is 
calculated using the Boltzmann relation:  

Ω=∆ lnTkS B
conf                                                                     (4) 

In (4), Ω is the number of ways of arranging all defects in a lattice with a given symmetry, and 
kB is the Boltzmann constant. 

For each defect type “i”, a virtual chemical potential iµ  is introduced in the usual way: 

( )d

i
i G

N
∆

∂
∂

=µ                                                                (5) 

where  represents the total number of  “i” defects in the lattice. The virtual chemical potentials 
contain a contribution arising from defect formation , and a contribution due to the 
configurational entropy: 

iN
f

iµ

∑Γ−=
j

jiB
f

ii Tk ,µµ                                                                (6) 

where 

( )f

i

f
i G

N
∆

∂
∂

=µ                                                                 (7) 

and ( )j
i

ji N
Ω

∂
∂

=Γ ln, . 

The number of configurations iΩ , for  “i” type defects in a lattice already containing 
all  defects is calculated as: 

iN
ij ≠

 
( )[ ]

( )[ ] ( ) !ˆ!ˆˆˆ
!ˆˆ

ii

i
i NNDD

DD

−∆+

∆+
=Ω                                                                 (8.1) 

Using (8.1), the change in the configurational entropy given by eq. (4) can be written as: 
∑ Ω=∆

i
iB

conf TkS ln                                                                            (8.2) 

The matrices  and  in eq. (8) are given by: D̂ N̂
 

⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
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⎜

⎝

⎛

⋅
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nD

D
D

D
2

1

ˆ                                                                                     (9) 
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It should be noted that the effect of exclusion is introduced through the  matrix whose 

elements are 

D̂∆

( )[ ]
idiai NeeD ˆˆˆ−−=∆ , where and 

jSRVk
ikji TPe ⎥

⎦

⎤
⎢
⎣

⎡
= ∑ ),(,, θ ( ) jijijidia ee ,,, δ= . The 

matrix  represents the exclusion matrix associated with a given short-range interaction 
envelope (of volume ) enclosing a given “j” type defect in a given lattice. The pair of 
indices (i,j) runs over all defect types (n). The elements 

ê
jSRV ,

ik ,θ  are the weights for excluding a given 
configuration “k” for an “i” type defect. Notice that if all ik ,θ  are zero, the exclusion effects are 
discarded, and eq. (8) becomes the classical formula for the number of configurations. Below, we 
introduce the following matrices: 

                                                        (10) NNX cationic
ˆ)(ˆ 1−= DNY cationic

ˆ)(ˆ 1−=

where   is the number of cationic sites in a perfect lattice. The  matrix elements are 
related to the number of excluded configurations for a given defect, and in a first approximation 
these elements are evaluated by considering a minimal exclusion envelope [23]. 

cationicN D̂

By assuming that a total number of r reactions are involved in generating the defects, at 
thermodynamic equilibrium, we can write: 

0=⎟
⎠

⎞
⎜
⎝

⎛∑
rk

kkA µ                                                                (11) 

At fixed r, the sum over k in (11) involves all defect types and chemical species (including the 
perfect sites ,  and ). The number of equations, r, equals the number of reactions 
through the defects are generated, and  are the corresponding stoichiometric coefficients for 
these reactions. Because in the surrounding environment the oxygen behaves like a perfect gas, 
the oxygen chemical potential is 

×
MM ×

OO 2O

kA

).ln(
22 OO PRT=µ  

Furthermore, the following constraints have to be taken into account: 
 

i.) Charge neutrality of the defective lattice, as a whole: 
0=∑ i

i
i XQ                                                                              (11.1) 

 ii.) Lattice structure conservation (no phase transitions): 
 

∑=−
i

cationicicc XTPXX ,max, ),(                                                                (11.2i) 

∑=−
i

anioniciaa XTPXX ,max, ),(                                                               (11.2ii) 

with  the maximum ratio of cationic sites, and  the maximum number of anionic 
sites. In these conditions, the oxygen deficiency is calculated as: 

max,cX max,aX

),(max, TPXXX aa −=                                                                (11.3) 
 

In the present study, five types of defects have been incorporated: 
- Singly charged (+e) oxygen vacancies ;•OV
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- Doubly charged (+2e) oxygen vacancies, ; ••
OV

- Singly charged (+e) metal-vacancy pair, ( )•OMV ; 

- Neutral metal-vacancy pair, ( )×OMV ;  
- Polarons, ; /

MM
 

Figure 1 shows the calcium fluorite type structure and some of the defects incorporated in 
this model.  

The Madelung constants needed in calculations were computed using:   
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⎡
⎟
⎟
⎠

⎞
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⎝

⎛
−−+=

2),(
2),(

1),(
1),(),(, exp1exp1

AC
AC

AC
ACOACAC

DMDMMM
ττ

               (12) 

 
The low indices C and A stand for cationic and for anionic sites, respectively, , 2,1,),( OACM

2,1),( ACτ , D are constants specific to a given fluorite lattice. Notice that  is associated with the 

reference 
CM

+4M  cation, while  is associated with the reference host  anion. Also, 
, , and we have to regard these charges as the real charges carried by 

AM −2O
qQC 4= qQA 2−= +4M  

and  host ions. −2O
The system of equations (11-12) can be solved self-consistently by using a suitable 

developed computer code, for different temperatures and partial oxygen pressures. 
 
Electronic And Ionic Conductivities 
 
Assuming a hopping mechanism involving the small polarons, the electronic conductivity 

can be calculated with the following general relation: 

[ ] ⎥
⎦

⎤
⎢
⎣

⎡
−=

Tk
xE

M
T
B

B

h
Me

)(
exp/

γσ                                                                (13)  

where B is a constant, γ  is the ideality constant for hopping, [ ]/
MM  is the polaron concentration, 

and  is the activation energy for hopping. )(xEh

 The ionic conductivities were evaluated assuming a two-type oxygen vacancy hopping 
model, involving singly charged vacancies  and doubly charged vacancies .  The total 
ionic conductivity is given by: 

•
OV ••

OV

[ ] [ ] ⎥
⎦

⎤
⎢
⎣

⎡
−+⎥

⎦

⎤
⎢
⎣

⎡
−= •••

Tk
E

V
T
B

Tk
E

V
T
B

B

h
O

B

h
Oi

2,21,1 expexp
21 γγσ                                                                (14) 

 
Electronic Diffusivity 
 
The electronic diffusivity was calculated using: 

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

Tk
xE

q
BkD

B

hB
e

)(exp2                                                                (15) 
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3. OXYGEN SELF AND CHEMICAL DIFFUSIVITIES  
 
Thermodynamic factor .The thermodynamic factor  is involved in 

relating the chemical diffusivity to self-diffusivity, and in our models was calculated with 
),( TxF ),( TxF

dx
TxGd

RT
xTxF O )),((

2
)(),( 2

∆Ψ
=                                                                 (16) 

where  is a specific function of non-stoichiometry. Here, and in all the relations that follow, 
we have to keep in mind that the non-stoichiometry x and   are 
all functions ,  of partial pressure of oxygen , and temperature T. These 
dependencies are complicated, and were calculated with the above thermo-chemical model, by 
using an original computer program, developed with MathCad. Note that, if during an 
experiment the partial pressure of oxygen is fixed, these functions depend on temperature only. 
Conversely, if an experiment is performed at constant temperature, x and  are functions on  
only. Below, for convenience, we will write simply x, or . By 

)(xΨ

ix ))(,)(,,( ×••••= OOOO MVMVVVi
),(

2
TPx O ),(

2
TPx Oi 2OP

ix
2OP

ix ),(
2

TxGO∆  we understand the 
oxygen partial Gibbs free energy for a given non-stoichiometric oxide, at a given temperature 
and given partial oxygen pressure PO2.  
 

Correlation factor, f(PO2,T). At a given non-stoichiometry x, we introduced an average 
correlation factor, , according to: )(xf

∑=
n

nn xfx
x

xf )(1)(                                                                 (17.1) 

The partial correlation factors  were computed using a formula derived by Nakazato and 
Kitahara [24], and Tahir-Kheli and Elliot [25], [26]. See also [27].  

)( nxf

[ ]
[ ] on

on
n

fx
fx

xf

)2/(1
)1()2/(1

1

1)(

+
−−

+
=                                                                 (17.2) 

Here,  is the correlation factor for a cubic simple lattice, at very low non-
stoichiometry. In this form, f(x) is not providing us with much information, except the intuitive 
result that the diffusion is less correlated at high non-stoichiometry.  To get more information, 
this function was embedded in the 

653.0=of

( )TPO ,
2

 domain using the mapping ( ) ),(,
22

TPxTP OO ↔ . In 
this way, eq. (17.1) generates the surface .  ),(

2
TPf O

 
Models of Oxygen Self-Diffusivity and Oxygen Chemical Diffusivity 
 
Average energies Three models have been tested to calculate the oxygen self and 

chemical diffusivities. 
 

 MODEL 1 introduces an average energy associated with the defective sites as: 

2
ln),( xTkTxE Bf −=                                                                 (18.1) 
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 MODEL 2 introduces an average energy associated with the defective sites as: 

nn
nnBf x

xxPTkTxE 2ln),(),(
4

1
∑
=

=                                                                 (18.2) 

In (18.2), 
x
xxxP n

nn =),(  is the relative probability for the n-type defect is present in a lattice. 

 
Self and chemical diffusivities In both models, MODEL 1 and MODEL 2, the self-

diffusivity (tracer) is expressed as 
 

),()(
24

)(),(
2

TxxfTaTxD O
o

s ν=                                                                 (19) 

and the chemical diffusivity as 

),(
)(

),(),( TxF
xf
TxDTxD s

C =                                                                     (20) 

where  is the lattice constant at a given temperature, F(x,T) is given by (16), and the 
correlation factor f(x) by (17.1). The jump frequency 

)(TaO

),( TxOν  is given by 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−Γ=

Tk

TxE

Tk
E

Tx
B

f

B

av
oO

),(
expexp),( )2,1(ν                                                  (21) 

In this relation, ),( TxOν  is the frequency associated with the jump of an oxygen atom into a 
defective site,  is the activation energy for an oxygen jump in MOavE 2-x (assumed to be a 

constant),  is a constant.  The low-indices in oΓ ),()2,1( TxE f  indicate the model involved in 

calculation, and ),()2,1( TxE f  for MODEL 1 and MODEL 2 are calculated with (18.1) and 
(18.2), respectively. 
 

 MODEL 3 uses following relation for calculating the chemical diffusivity: 
 

2)( n
n

nC xCTDD ∑=                                                                 (18.3) 

where: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

Tk
E

DTD
B

o exp)(                                                             (18.4) 

In (18.4)  is the Arrhenius pre-exponential diffusivity (considered constant),oD E  is an average 
Arrhenius activation energy,  are constant coefficients, and n runs over all oxygen defect 
species. 

nC
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4. RESULTS AND DISCUSSION 
 
4.1 Non-stoichiometric CeO2-x
 

Oxygen deficiency. 
As stated above, the defects incorporated in the thermochemical calculations were singly 

charged (+e) oxygen vacancies , doubly charged (+2e) oxygen vacancies, , singly charged 

(+e) metal-vacancy pair, , neutral metal-vacancy pair, 

•
OV ••

OV

( •
OCeV ) ( )×OMV , and small polarons  

(  ions). Between these defect species, we have considered the same chain of reactions as 
proposed by Ling [23], with slightly different enthalpies and entropies as parameters (TABLE 1.) 

/
CeCe

+3Ce

 
/

2 2
2
12 CeOCeO CeVOCeO ++↔+ ••××                                                        (19.1) 

 
/
CeOCeO CeVCeV +↔+ ••×•                                                       (19.2) 

 
••• ↔+ )(/

OOCe CeVVCe                                                      (19.3) 
 

×• ↔+ )(/
OOCe CeVVCe                                                      (19.4) 

 
 

TABLE I. The enthalpies and the entropies used the calculations. 
 

Reaction Enthalpy (eV) Entropy (eV/K) 
19.1 4.93 1.44x10-3

19.2 0.17 -3.1x10-4

19.3 - 0.25 0 
19.4 -0.15 6.95x10-5

 
The lattice constant of CeO2 at room temperature is ao=5.4113 Å [28], and its dependence on the 
temperature is [ ])300(1)( −+= TaTa oo α  with α =12.3x10-6 K-1 [7] (and the references therein).  
We also included a correction for polarization effects as: 

)1(, xorr ζεε −=                                                                            (20) 
with x the nonstoichiometry in CeO2-x, 12.0=ζ , and or ,ε =25 the relative dielectric permitivity 
of CeO2. The Madelung constants were calculated with eqs. (12), and the parameters are given in 
TABLE II. 
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TABLE II. The parameters used in calculation of cationic and anionic Madelung constants. 
 

CATIONIC (C) ANIONIC (A) 
MCO = - 8.325516x10-9 (C/m) MAO = 3.02828x10-9 (C/m) 
MC1 = - 0.42289x10-9 (C/m) MA1 = 0.14448x10-9 (C/m) 
MC2 =    5.28338x10-9 (C/m) MA2 = 1.10008x10-9 (C/m) 

1cτ  = 6.99332  1aτ  = 23.91898 

2cτ  = 0.72014 2aτ  = 2.1184 
D = 1000 

 
The calculated nonstoichiometry at various partial pressures and temperatures are presented 

in Figure 2, together with a collection of experimental data from [29], [30], [7], [23]. The 
numerical modeling over an extended range of nonstoichiometry x in CeO2-x confirms that the 
small polarons , singly charged vacancies , doubly charged vacancies , neutral pairs 

, and singly charged pairs  are the main species to be taken into consideration. 
In the very low nonstoichiometry region, the small polarons  and doubly charged oxygen 
vacancies  are the dominating species. The intermediate region is controlled by , and the 

deep nonstoichiometry region by the neutral pairs 

/
CeCe •

OV ••
OV

( ×
OCeV ) )( •

OCeV
/
CeCe

••
OV •

OV

( )×OCeV . It should be noted that in this region 
the small polarons and singly charged vacancies make almost the same contribution and this 
behavior seems not to be influenced by the temperature. While in the very low (x < 0.05) and 
intermediate (x ≅ 0.1) nonstoichiometry region the traditional mass-action theory can still be 
applied. For the deep nonstoichiometry region (x>0.2) the exclusion effects and the interaction 
between different species need to be taken into account. Even with the coulombic interaction 
taken into consideration, the predicted nonstoichiometry lightly exceeds (3-4 %) the 
experimental values. 

Figure 3 shows the calculated oxygen partial Gibbs free energies, as a function of oxygen 
deficiency and temperature. To make clear the effect of interaction between defects, in one 
calculation the interaction was neglected. As is clearly seen, while in the low nonstoichiometry 
range this practically has no influence on the results, in the deep nonstoichiometry region a 
significant deviation appears.  

The relative contribution of different defect species to the oxygen deficiency is of particular 
importance for the diffusion modeling. This contribution was calculated for different partial 
oxygen pressures and temperatures. The results in Figure 4. are for 1100 oC, but the general 
pattern remains practically unchanged at different temperatures. 
 

Electronic conductivity Following the works of Blumenthal and Panlener [31], Blumenthal 
and Hofmaier [32], Tuller and Nowick [33], Naik and Tien [34] (see also [7]) it is now accepted 
that the electronic conductivity involves the hopping of small polarons. The stability of the 
association between a vacancy and the corresponding  ions was investigated by atomistic 
calculations by Conesa [35]. One of these ions was located far from the vacancy ( 10 Å away). 
He observed that, after relaxation, such a singly ionized state is less stable by an amount of 0.47 

+3Ce
≅
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eV, than the state having both  ions close to the vacancy. This value is close to the reported 
0.4 eV value of the activation energy [33]. 

+3Ce

To evaluate the electronic conductivity of CeO2-x, we used eq. (13) and a hopping activation 
energy given by: 

exExE hoh +=)(                                                                      (21) 
where x is the oxygen deficiency, 383.0=hoE  eV, and e = 0.42 eV. In addition, we have 
considered that the ideality factor is unity 1=γ , and B = 1.44x10-20 SKm2. A comparison 
between the calculated results and the reported experimental data [36], [33] is presented in 
Figure 5. 

Ionic conductivity. The ionic conductivity as a function of nonstoichiometry in CeO2-x 
was calculated with a two-type oxygen vacancy-hopping model, involving singly charged 
vacancies  and doubly charged vacancies  (eq.14). The parameters were B•

OV ••
OV 1 = 1.016x10-17 

SKm2, 1γ =1, =2.2 eV; B1hE 2 = 4.49x10-19 SKm2, 2γ =1, =2hE  1.8 eV. The results are presented 
in Figure 6. The ionic conductivity in the low nonstoichiometry region is almost entirely due to 
doubly charged vacancies, while in the high nonstoichiometric ceria, the ionic conductivity is 
dominated by the singly charged vacancies. 

Oxygen diffusivity The suitable function )(xΨ  for CeO2-x is given by 
. The thermodynamic factor was calculated with eq. (16), and 

the results are presented in Figure 7. Using the results from the thermochemical calculations, the 
correlation factor f(P

3/22/3)2/2()( xxx −=Ψ ),( TxF

O2,T) was calculated as a function of partial pressure of oxygen for five 
different temperatures. The results are presented in Figure 8. As expected, in the high 
nonstoichiometry region, the diffusion of oxygen is less correlated. Note that the results of 
thermochemical calculations and (17.1) allow for an in depth investigation of contributions due 
to different defect species to the correlated diffusion. Figure 9 shows the average energies as 
defined by (18.1) – MODEL 1, and (18.2) – MODEL 2, as a function of oxygen deficiency. 

To calculate the self and the chemical diffusivities, the following parameters have been 
used: 

For MODEL 1 and MODEL 2: 69.1=avE  (eV), s151082.8 ⋅=Γo
-1;  

For MODEL 3: 
q

k
D B

O
8101.1 ×= cm2/s, aE = 2.1 eV.  The coefficients  are given in 

TABLE III.  

nC

 
TABLE III. The coefficients  used in MODEL 3. nC

 
)(1

••
OVC  )(2

•
OVC  ])[(3

•CeVOC  4C [ ] ×)(CeVO
95 1.3 5.3 0.45 

 
With these values, the self and the chemical oxygen diffusivities have been calculated at 

different oxygen pressures (stoichiometry) and different temperatures. An example is shown in 
Figure 10. Additionally, a comparison with the experimental data reported by Kamiya [37] is 
included in Figure 11. We can see that results calculated within MODEL 2 are in a remarkable 
good agreement with the experimental data. MODEL 1 slightly overestimates the diffusivities in 
the high temperature range. Figure 12 presents a comparison between the reported experimental 
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diffusivities for various Ce-M-O solutions, and the results calculated with MODEL 1, and 
MODEL 2. 

 
4.2.  Nonstoichiometric PuO2-x

 
Oxygen deficiency. We have used the same model to evaluate the oxygen deficiency in  

PuO2-x, as a function of temperature and oxygen partial pressure. The enthalpies and the 
entropies for the chain (19.1)-(19.4) are given in TABLE IV. The calculated oxygen deficiencies 
at different temperatures and partial oxygen pressures were compared with the experimental data 
in Figure 13. We have a reasonable good agreement, but we have to realize that more 
experimental data and theoretical studies are needed before deciding about the nature of the 
defect species and about their formation energies in this material.  

  
TABLE IV. The enthalpies, and the entropies used in calculations. 

 
Enthalpy (eV) Entropy (eV/K) 

4.8 0.55x10-3

0.2 -2.5x10-4

- 0.1 0 
-0.3 0 

 
 
Oxygen diffusivity. From a least square fit of log(D) as function of 1/T Deaton et al [38] 

found a chemical diffusivity close to  [cm)/42200exp(1019.1 3 RTD −⋅= 2/s]. The Arrhenius 
energy for diffusion of oxygen in PuO2 is then close to 42.2 kcal/mole. This is equivalent to1.83 
eV/particle. It should be noted that this Arrhenius energy compare favorably with 29.7 kcal/mole 
for UO2 [39], and 56.0 kcal/mole for ZrO2 [40], all of which are oxides with fluorite structure.  

The results calculated with MODEL 3 were compared with the data above, in the nearly 
stoichiometric PuO2 , using eq. (18.3),  and an average Arrhenius energy E =1.83 eV. The same 
coefficients  as for nonstoichiometric ceria were used. Because we are in the nearly 
stoichiometric range, we need , and  only. The results are presented in Figure 14, together 
with the experimental data from [38]. 

nC

1C 2C

 
4.3. Nonstoichiometric UO2±x 
 

Very little data is available about hypostoichiometric urania. Because even at very low 
nonstoichiometry, UO2±x defective lattice includes a significant amount of oxygen interstitials, a 
direct extension of the previous calculations to this material is not possible in this stage. The 
results of a more elaborate model including the effect of oxygen interstitials will be presented in 
the next report. 
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CONCLUSIONS 
 

1. Numerical modeling over an extended range of nonstoichiometry x in CeO2-x confirms 
that the small polarons , singly charged vacancies , doubly charged vacancies 

, neutral pairs , and singly charged pairs 

/
CeCe •

OV
••

OV ( ×
OCeV ) ( )•OCeV  are the main defect species 

in this material. 
2. In the very low nonstoichiometry region, the small polarons  and doubly charged 

oxygen vacancies  are the dominating species. The intermediate region is controlled 

by , and the deep nonstoichiometry region by the neutral pairs . It should be 
noted that in this region the small polarons and singly charged vacancies make almost the 
same contribution and this behavior seems not be influenced by the temperature. 

/
CeCe

••
OV

•
OV ( ×

OCeV )

3. While in the very low (x < 0.05) and intermediate (x ≅ 0.1) nonstoichiometry region the 
traditional mass-action theory can still be applied, for the deep nonstoichiometry region 
(x>0.2) the exclusion effects and the interaction between different species need to be 
taken into account. 

4. Even with the coulombic interaction taken into consideration, the predicted 
nonstoichiometry lightly exceeds (3-4 %) the experimental values. 

5. The thermochemical calculations were extended to PuO2-x and the calculated oxygen 
deficiencies are in reasonable good agreement with the previous published experimental 
data. 

6. The electronic, and the ionic conductivities of CeO2-x, were calculated as functions of 
temperature and oxygen pressure over an extended range of oxygen deficiency. The 
calculated results are in a good agreement with reported experimental data. 

7. We proposed three new models of the oxygen diffusivity, compared them with the 
available experimental data, and determined the best model (MODEL 2) that allows for 
accurate predictions of diffusivity for temperatures in the (900-1400 °C) range and PO2 ∈ 
(1÷10-25 atm). 

8. The termodynamic factors and the correlation effects were studied as a function of  
composition and temperature. 

9. A preliminary extension of the defect model to PuO2-x shows that, given appropriate 
parameters, the model is able to describe the non-stoichiometry and oxygen diffusivity in 
a reasonable way. It should be noted that more experimental data and theoretical studies 
are needed before deciding about the nature of the defect species and about their 
formation energies in this material. 

10. Because even at very low nonstoichiometry, UO2±x defective lattice includes a significant 
amount of oxygen interstitials, a direct extension of the previous calculations to this 
material is not possible in this stage. 
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Figure 1.  The calcium fluorite type structure and some of the defects incorporated in this work. 
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Figure 2. Oxygen nonstoichiometry x in CeO2-x, as a function of oxygen partial pressure, and 
temperature. The experimental data are compiled from [29]. The experimental data at 700 oC are 
from [41]  
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Figure 3. The oxygen partial Gibbs free energy in CeO2-x as a function of non-stoichiometry. 
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Figure 4.   Calculated relative contribution of defect species to the nonstoichiometry of CeO2-x. 
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Figure 5.   Electronic conductivity of CeO2-x as a function of nonstoichiometry  

Red line – calculated with eq. (13). Circles [36], [7]; black points [33], [7]. 
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Figure 6.  Ionic conductivities in CeO 2-x, as a function of oxygen deficiency (T=1000 oC), 
calculated with eq. 14.  Red line – total ionic conductivity; blue line - singly charged vacancies 
contribution; green line – doubly charged vacancies contribution. 
 

 
 

Figure 7.  The thermodynamic factor as a function of nonstoichiometry x in CeO2-x. 
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Figure 8.  The correlation factor for CeO2-x,  as a function of partial pressure of oxygen, PO2. The 
parameter is the temperature. (1) 1273 K; (2) 1373 K; (3) 1473 K; (4) 1573 K; (5) 1673 K. 
 

 
 

 
 

Figure 9. Average energies for defective sites, as a function of nonstoichiometry x in CeO2-x 
(T=1373 K). 
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Figure 10. Comparison between the chemical diffusivities of oxygen in CeO2-x, calculated with 
the three models, as a function of nonstoichiometry; red line, MODEL 1; blue line MODEL 2; 

open-circles connected by a black line MODEL 3. 
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Figure 11. Comparison between the calculated results (MODEL 1 and MODEL 2), and the 
experimental results reported by Kamiya et al.. Blue line – MODEL 1; cyan line –MODEL 2; 

red squares – Experimental data [37], represented by )/343.2exp(16.3 TkqD B−=  cm2/s. 
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Figure 12. Temperature dependence of oxygen diffusion coefficient in CeO2.  

Filled squares – MODEL 1; Empty squares MODEL 2;  and  [37]; (a) CeO2 [42], (b) CeO2 
[43]; (c) Y-doped CeO2 [43]; (d) Gd-doped CeO2 [44]; (e) Gd-doped CeO2 [45]. 
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Figure 13. Oxygen deficiency of PuO2-x, as a function of oxygen partial pressure and 

temperature. Open triangles, circles, and squares from Nakamura [5], Red triangles, circles, and 
squares are compiled from experimental data reported in [46-50] 
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Figure 14.  The dependence of oxygen diffusivity on temperature in nearly stoichiometric PuO2. 

Black squares - MODEL 3; red squares experimental data [38]. 
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